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S UY.A

A previous experimental study of the favorable

effect of mass injection irto a hypersonic separated laminar

flow' oil prcý:iur2 , "nc, li ..- fe distributions at reattach-

ment has been extunded to include the influence of a small

incidence of tie mzodel.

M.easurerents were made at M = 5.3 on a uircular

coiie with an annular cavity, into which air wvs injected

at rates up to approximately half the boundary layer mass

flow at separation. Incidence was varied by half-degree

steps in the rr.zne zero to two degrees.

The reattachraent pressure and heat transfer peaks

increased on the windward side with incidence and more

mass injection was required to maintain them below a given

level. The 'relative locations of these peaks were inverse

at zero and two degrees incidence.
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1. I.... ODUCT-O];

For a number of years, it has Luen known that the

presence of a cavity in the surface of a hypersonic body gives

rise to a sijgnificant redistribut'ion of surEace pressure ana

heat transfer to the body (refs ,i, 2,3). Specifically, these

quantities are reduced in the region of zepu.rated flow but

experien~ce a sharp rise within the vicinity of reattaehrient,

followed by a decreas3e toward the undisturbed values in the

downstream area, For practical applications, the primary

undesirable feature of this phenomenon is the elevated pres-

sure and heat transfer at reattachment, This fact justifies

further research into methods of substantially reducing these

peak values.

It has been previously theoretically predicted and

experirmentally verified that injection of a small amount of

gas (a fraction of the mass flow in the boundary layer at

separation is sufficient) into the separated region accom-

plishes this result (refs. 1. 4 5b 6, 7).

The investigation of reference 6 was directed toward

provision of detailed static pressure and heat transfer distri-

butions over the entire surface of cone-cavity models with and

without air injection into the cavity at a free stream H4ach

number of 593. Emphasis was given to the reattachment region

by u'ing a cavity with a rounded reattachment shoulder, as

opposed to Nicoll's eavitl (3 to 5) which had 90* sharp corners.

This work was extended in reference 7 to foreign

gas injection. Light geses (helium and hydrogen) were found

to be substantially more effective in reducing pressure and

heat transfer peaks than air and much more so than heavy

gases (freon and carbon tetrachloride vapor).

The purpose of the present ntudy is to further

extend this research to include the effect of a small incidence

of the cone cavity model on the effect of air injection.
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2 , EXPE P iER1 M 'AL E' i:r';U i.A; T A2 • ; 1' "' C.I;..: I

2.1 Wind tunnel

All experimtnts wc'e cohiAductd It, thC VI.I h er:cnir

blowdown tunnel 11-1 at a free stream ."ach riumber of 5,3, 'ice

size of the test section is 12x12 ca 2 , 6 ivinc C uniform flow
1

with + I percent vari•ntion ii, uach r unber. The stjL:nation

tc•rperature was about 220 0 C, 'The stagnation presiure was of

about 1 5 J, kG/cm2 , corre oponding to a free streanf Reynolds

number of 1.6>xlOý per centimeter.

2.2 Models

The basic model configuration i5 a 10' sen:i-arex

angle cone incorporating an annular cavity of the short-deep

type. Dimensions and details of the location of rressure tP.Ps

and thermocouples are shown in £iiures la and lb. Separate

models were used for pressure and heat trr.nsfer measurements,

The injected air entered the cavity tangentially

to the floor from an annular port (1 rn vide) located at the

base of the reattachment shoulder. The detailed descript.ion

of the injection plant is"Siven in reference 7.

2.3 Mtodel adjustment

At incidence, the &'low over the todel is no longer

axisymmetric and it is desirable to obtain static pressur2

and heat transfer distributions along various generators of

the model; say on the windward side (9 a 0), at 0 a 450 and

90 and on the leeward side (e a 1800).

On the present models, pressure te.ps and therno-

couples are stagcered on both sides of a single Geiierator

(see figures la &nQ lb). It vas thur. .i;sr ible to obt--ir, the

desired information by rotatinC the mocel around its axis

of synietry by 45, 90 and 180 degrees; corrections bcinG
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,iadc in cr~ch case (Ly data intcrpolation) to allow for the

s.all stagger (0 = + 1 ... ;eg, naximurn) or the pre.-ure tape

and thermocoui.lea.

The main problem co..sis'ted of ccrrect!y dcfinirg

the zero incidence of the model because of the great sensi-

tivity of ".he press,-c and heat transfer distributionrs in the

rcattar-h•rent region of the flow0t to a small angle of attack.

It wau soived by the use of four pressure taps

spaced by 9 00 and located in a cross plane at scme aistance
downstream of the cavity (PO,, Po, Y270). 1Y rotat;r.

each of the wodels :%round its axis$ the streanwise pressure

and heat transfer aistributions were successively measured

at 0 = 0, 90, 180 and 270 degrees, each tire r.djusting the

incidence and yaw, of the model so that Ap = PED - po = 0
0

and Ap 0 P270 - P9o 0 0. From these, mean streamwise pressui.e

and heat transfer distributions were selected that were used

as standard references for zero incidence adjustment in all

the subsequent tests, In other words, in each of these tests

the model vaE adjusttd in incidence bo that the measured

pressure or heat transfer distribution was identical (espe-

cially its peak value) to the standard one in the. absen.e of

gas injection into the cavity, Model incidence was then varied

by 30f increments in the range 0 to 2 degrees.

2.4 Test techn.•cues and data reduction

The test techniques are the same .as described in

reference 7. Pressure distributions were obtained with the

aid of 12-tube rotary valves, a differential transducer and

a digital printer, heat transfer rates were measured, using a

thin skin technique and a 12-channel galvanometric recorder.

In the r-esent rerort, all the pressure data is

referencedl to T, wiicen is the cone rresýure (measurea udstren

of' the cavity) at ,(,,io inid••,e (a = 0), corrected in each

test acco'-oing to the formula



c(a= jT (cO=) (a)

where p (a=) anu (aO) are thL average vLiucs of p (U--)
C C

an(I Pc(a.6) vieaLureu ut different inijection ratces in i. tcst

series, either at a = 0 or for given values of a and 0.

The hea-i transfnr data (q) is no.':;lizecd with the

heat flux (q 0 ) corn.n#.ed on a pure cone at zero incidence, at

the saeme distance Irom the nose, for the stagnation condi-

tions measured during each testa assuming lawinar flow vna a

recovery factor of 0,85,
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3. PEL'A.MS AND DISCUSSIOP

The pressure and heat flux ratios (-- and i-) are
qL

shown in figures 2.1 to 2.17 and 3.1 to 3.17 versus x/L, for

different injections rates c q. For each incidence a of the

model, the measurements were made at four different locations

(0 = 0,45,90 and 180 degrees) around the model,

In these figures, x is the surface distance measured

along a model generator with its origin at the junction of

the reattachment shoulder and the aftercone, as shown in

figure 1. L is the cavity width as defined in figures la and

lb; L = 12 mm was used in figures 2 and 3. c is the ratioq
of injected mass flow to the boundary layer mass flow QBL

computed at separation on the model at zero incidence. QBL

was of the order of 22 liters/minute, based on standard

conditions (see ref. 7). One will note that different verti-

cal scales are used in these figures.

The symbol TH indicates the asymptotic value of

or - that is theoretically reached on the aftercone at
PC q c
downstream infinity. Flow tables for cones at incidence were

used to determine pT}I and (pu)TH as a function of a and 0

(ref. 8), (pU)TH being used to compute qTH from an expression

of the Stanton number valid for circular cones at zero inci-

dence .

The cavity pressure ratio is shown on the left por-

tion of figures 2.1 to 2.17. It is observed that this ratio

was not appreciably affected by model incidence. For zero

injection (c 0) for instance' it remained q.-proximately
q

eq1,al to 0,9,

The effect of model incidence on the streamwise

pressure and heat transfer distributions is rather obvious.

Both pressure and heat transfer ratios are increased with

incidence on the windward side (0 = 0) and at 0 - 45°. T'l.y
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are but little affected at 0 900 and a-r decrea.ýed on tih'

leeward side (0 = 160').

It is interesting to note the forvalr Qi-rl.c-nt,

(decreasing x) of the pressure an'd heat trc.., fer- ?h -; on the

windward side. of the inodel as the angle of attack is increatseu.

Despite the uncertainty vhich obviously exists in dIfininiu thl

exact location of these peaks, it neverthe!Icss t.ppenrs that

the location of the heat transfer peak rioved faster than the

pressure peak location. At zero incidence (.2o) 5s iocbted

slightly downstream of while at ca -2u (, )
PC Max MCU X

has moved slightly upstream of ( . Thia is lhi,.o in the
max

sketch where the location ( ) of the fpea1s ir plotted versus
L

the model incidence a.

0.2

04-

//

03 .i dO -a'



Transition to turbulent flow appeared sooner on

the leeward side at incidence than for a = 0, This is shown

in figures 2.1 tand 3.16 by the mort 7c, 'd increase of q- withqL

oon the downstream;• 1rortion of the node). at c 0.iJ q

The favorable effcct of rass injection into the

cr..vity was similar to the one obscrvr- in the previous study

(ref. 7) r,,ade at zero rncid2,amce, na.iely that the pressure

l.2vel and the heat transfer rate were decreased in the reuion

of flow reattachrnent. This is particularly so for the pressure

ann heat transfer peaks as seen in figures 4.a to 4,4 deducted

from figures 2 and 3. Because of the higher values of these

peaks on the vindward side of the node], largur Lass injec-

tion rates were needed at incidence than for a = 0 to main-

tain the pressure and heat transfer ratios below specified

levels. However, these rates remained of the order or less

than the boundary layer mass flow at separation (i.e., very

small for practical applications) in the range of incidence

which was considered in the present study.

The locations of the pressure and heat transfer

peaks were differently affected by mass injection. At zero

incidence, the pressure peak remained fixed while the heat

transfer peak moved downstream (x increasing) as c was in-q

creased. At incidence (a A.0). (-,L) moved downstream at
PCmax

0 - 0 and 0 = 450 and remained fixed at 0 a 90 by increasing

c q At 0 = 180 the pressure peak was so faint that its loca-q

tion was difficult to define accurately. At incidence (a 0 0)

(.2.-) moved downstream for all values of 0,
qcmax



4 . CO;CL IS1O*JS

The favorable effect of ni•s inject;,-. obaccUveQ

previously on it cone-cavity rxdcl at zero incidence yes

reconfirmed at shall ani:1c! of att••Ct in 1:,: ranuje °

to two decrees. Pressure and heat transfer peaks kit !io,

reattachmcnt could indeed bc mnaintained I!' ,Io ýecifi4f,

levels by a small amount of air irjection II.tb the ,-.;ijty,

i.e., at rates of the order of the bcu;,drry layer nr': flc;n

at separation.

The effect of incidence without uas5 injettic,

was to increase the pre~iure and heat tr.'n:%"7>r 1xe--kn co

the windward side of the nodel and to decrea:;c then on

the leeward side. The relative locations of these peLj:t

were inverse at zero and two degrees incidence.
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